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cially	 MeOH-	soluble	 condensed	 tannins.	 Despite	 the	 area	 differences	 in	 available	
foliage,	we	found	the	same	nutritional	composition	of	birch	foliage	used	 in	the	two	
regions.	Compared	 to	 available	birch	 foliage,	moose	 consistently	used	birch	 foliage	
with	more	CP,	more	structural	fiber	(mainly	hemicellulose),	less	WSC,	higher	concen-
trations	of	 several	minerals	 (Ca,	Zn,	K,	Mn,	Cu),	 and	 lower	 concentrations	of	 some	
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1  | INTRODUCTION
Foraging	 decisions	 are	 complex	 trade-	offs,	 particularly	 for	 wide-	
roaming	and	long-	living	species	like	large	herbivores	(Parker,	Barboza,	
&	Gillingham,	2009).	A	fitting	quote	 is	 that	 these	animals	use	“most	
of	the	best	and	least	of	the	worst	but	some	of	everything”	(Langvatn	



















harmful	 if	 ingested	 in	excessive	amounts,	 and	some	 toxins	are	ben-
eficial	 to	the	consumer	 in	 low	quantities	 (Raubenheimer	&	Simpson,	
2009).	To	complicate	matters	further,	food	components	have	interac-
tive	effects	 (Björndal,	 1991).	 For	example,	 if	 the	 food	contains	high	
levels	of	carbohydrates	relative	to	protein,	then	the	animal’s	ability	to	
avoid	a	carbohydrate	overdose	depends	on	 its	capacity	 to	endure	a	





interplay	 between	variable	 foods,	 and	multiple	 and	 changing	 needs	






most	 of	 the	 variance	 of	 interest	 can	 therefore	 be	 difficult	 without	
extensive	prior	knowledge	of	 the	study	system.	For	example,	Jones,	




found	 that	 the	within-	species	 variation	 between	 two	 areas	was	 so	




2013;	Wam,	Hjeljord,	&	Solberg,	 2010).	To	better	 elucidate	 the	po-
tentially	 masked	 and	 masking	 factors	 in	 food–fitness	 relationships,	
researchers	need	to	address	its	finer	print,	that	is,	the	nutritional	un-
derpinnings	driving	the	animals’	food	choices	(Parker	et	al.,	2009).
Keeping	 these	 multiple	 nutritional	 factors	 and	 complexities	 in	
mind,	 in	 this	 study,	we	measured	 nutritional	 composition	 of	 foliage	
from	 a	 staple	 food	 source	 (Betula pubescens	 Ehr.)	 available	 to,	 and	
used	by,	moose	(Alces alces)	(Figure	1)	in	natural	settings	of	two	neigh-
boring	 regions	 of	 southern	 Norway	with	 contrasting	 animal	 fitness	
(here,	indexed	by	body	mass,	which	is	found	to	capture	much	of	the	
fitness	variance	among	Fennoscandian	moose	populations,	Tiilikainen,	
Solberg,	 Nygrén,	 &	 Pusenius,	 2012).	 Long-	term	 research	 focus	 has	
not	managed	to	fully	explain	the	contrasts	between	the	populations’	
food	selection	and	demographic	performance	(Hagen,	1983;	Hjeljord	
&	Histøl,	 1999;	Wam,	Histøl,	Nybakken,	 Solberg,	&	Hjeljord,	 2016).	


















F IGURE  1 Adult	moose	(Alces alces)	feeding	on	birches	(Betula 
spp.)	in	early	summer,	southern	Norway.	Photo:	Hallgeir	B.	Skjelstad
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regions	 to	 which	 the	 sample	 areas	 belong	 (Figure	2).	 Both	 regions	
are	part	of	the	boreal	forest	zone	(Moen,	1999),	dominated	by	com-
mercially	 cultivated	 Norway	 spruce	 (Picea abies),	 with	 some	 Scots	
pine	(Pinus sylvestris)	on	drier	sites	of	poor	soil	fertility.	Younger	for-
est	 stages	are	dominated	by	birch	 (Betula	 spp.),	 sparsely	 intermixed	
with	other	deciduous	species:	in	SandeW,	birch	make	up	78%	of	the	
browse	biomass	on	a	typical	clearcut	(<20	years	since	logging,	inter-











half	 as	much	deciduous	 browse	 as	 do	 clearcuts	 on	 the	more	 fertile	
sites.	Practically,	all	loggings	are	performed	as	clearfelling,	and	clear-
cuts	are	 small	 (averaging	about	1.5	ha)	 in	a	global	perspective.	Tops	
and	 branches	 are	 traditionally	 left	 on	 site	 to	 decompose,	 and	 new	
spruce	forest	is	almost	entirely	recruited	by	planting.	The	use	of	her-
bicides,	 pesticides,	 scarification,	 and	 fertilizers	 is	 generally	 scarce	 in	
the	area	and	had	not	been	applied	on	the	clearcuts	used	for	foliage	
sampling	in	this	study.
The	 climate	 in	 the	 study	 area	 is	 continental	 with	 cold	 winters	
(February	norm	−4.5°C	in	SandeW	and	−5.6°C	in	Rakkestad)	and	warm	
summers	 (June	 norm	 14.9°C	 in	 SandeW	 and	 13.7°C	 in	 Rakkestad)	
(Norwegian	 Meteorological	 Institute,	 2013).	 Start	 of	 growing	 sea-





We	 collected	 foliage	 for	 obtaining	 nutritional	 profiles	 between	
19/06/2012	 and	 06/07/2012	 and	 between	 24/06/2013	 and	
12/07/2013,	 alternating	 between	 the	 low-	fitness	 and	 the	 high-	
fitness	 region	 every	 3rd	 day	 to	 avoid	 bias	 from	 sample	 date.	 Sites	
to	be	 sampled	were	 randomly	drawn	 from	all	 available	 clearcuts	 of	
age	 5,	 10,	 or	 15	 (±1	year)	 years	 since	 clearing	 (8	 replicas	 of	 each),	
on	intermediate	soil	fertility	(defined	as	G14	or	G17	on	the	H40	sys-
tem)	 (N = 24	 clearcuts	 each	 for	 SandeW	and	Rakkestad).	 The	 same	
clearcuts	were	 sampled	 in	2	years	 in	order	 to	 account	 for	potential	
influence	 of	 weather,	 which	 strongly	 influences	 nutrient	 compo-
sition	 (and	moose	 selection)	 of	 browse	 (Bø	&	Hjeljord,	 1991).	 June	
was	colder	and	drier	 in	2012	than	 in	2013:	mean	temperature/pre-
cipitation	was	12.1°C/83	mm	versus	13.8°C/142	mm	in	SandeW,	and	
11.8°C/108	mm	 versus	 13.6°C/134	mm	 in	 Rakkestad	 (Norwegian	
Meteorological	Institute,	2013).
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We	 systematically	 sampled	 foliage	 from	N = 9	 pristine	 trees	 (no	
obvious	signs	of	herbivory,	damage,	or	disease)	per	clearcut	each	year.	
These	 samples	 represent	 the	 “available”	 birch	 foliage	 in	 our	 study.	
Sampling	was	systematically	spread	out	along	a	fixed	cross-	sectional	
pattern	of	the	clearcut,	starting	with	one	tree	in	the	center	and	two	









2002).	One	can	 theorize	 that	we	 thereby	omitted	attractive	 foliage,	
and	 rather	 sampled	what	 had	 been	 discarded	 by	 moose.	 However,	





the	available	 foliage,	 and	 thus	a	 representation	of	 its	 average	nutri-
tional	composition	on	the	clearcuts.
Trees	with	signs	of	current	summer	browsing	by	moose	(i.e.,	 leaf	
stripping)	 were	 sampled	 opportunistically	 throughout	 the	 clearcut.	


































ures	 are	 listed	 in	 the	 appendix	 (Table	A1).	We	analyzed	 condensed	
tannins	from	the	HPLC-	extract	(MeOH-	soluble	fraction)	and	from	the	
dried	 residue	 after	 phenolic	 extractions	 (MeOH-	insoluble	 fraction)	
with	the	acid	butanol	assay	 (Hagerman,	2002).	We	calculated	these	




















(1999).	We	 analyzed	 contents	 of	 minerals	with	 inductively	 coupled	
plasma	 spectrometry	 (ICP-	AES)	 (iCAP	 6300	 Radial;	 Thermo	 Fisher	
Scientific,	 Inc.,	Waltham,	USA)	 after	microwave	digestion	 (EAM	sec.	
4.4,	FDA,	2013).
2.4 | Statistical analyses
We	 tested	 for	 differences	 in	 nutritional	 compositions	 using	 fac-
torial	 analyses	 of	 variance	 (“lm”	 in	 R,	 version	 2.15.3,	 R	Core	 Team,	




fits	 (Zuur,	 Ieno,	&	Smith,	2007)	 and	 found	adequate	 apart	 from	 for	
sodium.	We	 therefore	 opted	 to	 use	 observations	 directly,	 with	 no	
variance-	stabilizing	 transformations.	 Each	 response	 parameter	 (nu-









in	 residuals	plotted	against	 fitted	values	and	QQ	plots	of	 standard-
ized	 residuals	 (Zuur	et	al.,	2007).	To	visualize	how	nutrient	 concen-
trations	covaried,	we	ran	principal	component	analyses	(“prcomp”	in	
R).	Because	of	large	differences	in	concentrations	between	nutrients	
(e.g.,	 carbohydrates	 in	 the	magnitude	 of	 30%	 vs.	 trace	 elements	 in	




3.1 | Nutritional composition of available and used 
birch foliage





age	 in	 the	high-	fitness	 region,	 especially	 in	2013	 (thus	 a	 significant	
area	×	year	interaction).	Area	differences	were	stronger	for	minerals:	
the	 low-	fitness	region	had	available	birch	foliage	with	more	calcium	



















3.2 | Contents of plant secondary metabolites
There	were	also	area	differences	in	the	concentrations	of	plant	sec-
ondary	metabolites	 (PSM)	 in	 the	birch	 foliage,	 particularly	 concern-
ing	MeOH-	soluble	condensed	tannins	(Figure	6).	The	available	foliage	
had	 less	 MeOH-	insoluble	 tannins	 in	 the	 low-	fitness	 region	 than	 it	
had	 in	 the	 high-	fitness	 region,	 but	 these	 tannins	 did	 not	 differ	 be-
tween	available	and	used	foliages.	In	contrast,	the	concentrations	of	
MeOH-	soluble	condensed	tannins	(and	slightly	also	myricetins)	were	




























4.1 | Selection of food constituents: A challenging 
balancing act
Irrespectively	of	region,	the	moose	in	our	study	consistently	selected	




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































our	 study	 because	 large	 herbivores	 normally	 can	 meet	 their	 protein	
needs	only	during	plant	growing	season	(Mattson,	1980;	Parker	et	al.,	
2009).	Our	 study	was	 conducted	at	 times	of	peak	 contents	of	CP	 in	
browse	 (e.g.,	 Leslie,	 Starkey,	 &	 Vavra,	 1984;	 Marshal,	 Krausman,	 &	
Bleich,	2005).	Yet,	whether	protein	contents	of	 food	actually	contrib-
ute	 to	drive	 food	selection	depends	on	 its	 scarcity	 relative	 to	animal	
needs	(see,	e.g.,	Beck,	Flinders,	Nelson,	&	Clyde,	1996;	Zweifel-	Schielly,	





















year	variation	of	WSC	in	available	foliage	was	 lower	 in	the	 low-	fitness	
region	than	 in	the	high-	fitness	region,	offering	moose	 less	of	a	choice.	
WSC	have	seldom	been	studied	in	relation	to	the	diet	of	large	herbivores	











to	 ecologists	 that	 weather	 conditions	 produce	 interannual	 variation	
in	 nutritional	 compositions	 (e.g.,	 Vázquez-	de-	Aldana,	 García-	Ciudad,	
&	García-	Criado,	 2008),	 and	 subsequently	 in	 animals’	 food	 selection.	
Interestingly,	the	foliage	used	also	had	higher	 lignin	concentrations	 in	
2013	 than	 in	2012.	Because	 lignin	 is	 practically	 indigestible	 to	 rumi-
nants	(Van	Soest,	1994),	it	is	generally	expected	that	they	select	for	food	































































































































































































































































































































































































































































































































































































































































































































































































































































centrations	 in	 the	available	birch	 foliage	varied	with	year	 (and	area).	
This	indicates	high	importance	of	mineral	compositions	to	the	animals.	
Ceacero,	Landete-	Castillejos,	Garcia,	Estevez,	and	Gallego	(2010)	have	
documented	 that	 cervid	 individuals	 are	 indeed	 able	 to	 adjust	 their	
mineral	 intake	according	to	the	nutritional	needs.	Different	minerals	
are	absorbed	and	function	 in	strong	 interaction	 (nutrient	stoichiom-






concentrations	 in	used	and	available	birch	 foliage,	 it	 is	 also	worth	
noting	the	area	difference	 in	their	ratios	to	Ca.	The	ratio	between	




erals	 need	 to	 be	 narrowly	 balanced	 because	minerals	 affect	 each	
other’s	 absorption	 in	 the	 animal	 body	 by	 forming	 insoluble	 com-
plexes	(Spears,	2003).	The	Ca:P:Mg	mineral	ratios	are	of	particular	






     |  1125WAM et Al.
consistent	 across	 species	 (Dryden,	 2016).	 The	 low-	fitness	 region	
had	available	birch	 foliage	with	more	Ca,	and	simultaneously	a	 lit-
tle	 less	P	 and	Mg	 (ratio	Ca:P:Mg	=	2.8:1:1.2)	 than	 the	high-	fitness	
region	 (ratio	 2.2:1:1.3).	 Particularly,	 the	 former	 ratio	 is	 not	within	
recommendations	for	large	ruminants	(NRC,	2001),	where	Ca	intake	
should	preferentially	stay	within	1–1.5	 times	 the	P	and	Mg	 intake	
(lower	ratios	for	maintenance	than	for	bone	production).	The	moose	

















from	birch.	 If	 the	moose	are	 in	need	of	protein,	P,	Cu,	or	K	and	use	
birch	to	balance	their	dietary	intake,	they	will	have	to	also	accept	lower	
contents	of	hemicellulose	and	different	concentrations	of	Ca,	Zn,	and	














































Mole,	 Hagerman,	 and	Hanley	 (1987)	 found	 that	 condensed	 tannins	




at	 some	concentrations	 (Clauss	et	al.,	 2003;	Min,	Barry,	Attwood,	&	
McNabb,	 2003),	 and	 its	 influence	 on	 intake	may	 differ	with	 season	
(Chapman,	Bork,	Donkor,	&	Hudson,	2010)	or	concentrations	of	other	
nutrients	in	the	diet	(Villalba	&	Provenza,	2005).	From	the	above	ref-
erences	 on	moose	 and	 tannins,	 it	 seems	 that	 for	 each	 1%	 increase	
in	 condensed	 tannin	 concentration,	 the	digestibility	of	CP	 in	 shrubs	
or	 browse	 foliage	 is	 reduced	 by	 2.5%.	 Applying	 these	 numbers	 to	
our	 study,	 soluble	 condensed	 tannins	 in	 the	 available	 foliage	 may	
reduce	 protein	 digestibility	 by	 about	 22%	 in	 the	 low-	fitness	 region,	
and	 by	 about	 12%	 in	 the	 high-	fitness	 region.	 This	 falls	well	 in	 line	





The	area	differences	 in	actual	 effects	of	 tannins	may	be	even	more	
skewed,	as	the	tannin:	protein	ratio	can	determine	whether	insoluble	
tannin/protein	 complexes	will	 form	 (Hagerman	&	Robbins,	 1987).	A	
follow-	up	of	our	study	would	be	to	conduct	in	vivo	digestibility	trials	
with	the	birch	foliage.
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animal	 fitness	 (DeGabriel	 et	al.,	 2014).	 Access	 to	 food	 that	 better	
match	 the	 preferred	 nutritional	 composition	 is	 beneficial	 to	wide-	
roaming	animals	such	as	moose	for	two	reasons.	One	is	the	improved	
nutrient	absorption	discussed	throughout	the	previous	section.	The	
other	 is	 the	 reduced	 energetic	 costs	 of	 obtaining	 the	 nutrients	 in	
the	 landscape	 (locomotion	 Fryxell,	 1991;	 or	 predator	 vigilance	
Christianson	&	Creel,	2010).	Our	study	highlights	the	need	to	take	
into	 account	 that	 the	 realized	 value	 of	 a	 given	 food	 source	 to	 an	
animal	may	be	 site-	specific.	 In	our	 study,	 the	most	 abundant	 food	
available	to	moose	had	a	less	optimal	nutritional	composition	in	the	
low-	fitness	 region	 compared	 to	 in	 the	high-	fitness	 region,	 but	 still	
moose	in	both	areas	selected	for	the	same	nutritional	composition	of	
this	food	source.	Such	fastidiousness	limits	the	amount	of	available	




constituents	 in	 synchrony.	 This	 can	 clarify	 the	 functional	 roles	 of	
different	constituents	and	the	animals’	nutritional	priorities	in	times	
of	scarcity.	Another	key	element	for	future	studies	that	is	currently	
lacking	 is	 the	 bioactivity	 of	 specific	 PSM	 in	 the	 animal	 body,	 that	
is	 how	 they	 impact	nutrition	 and	 subsequently,	 animal	physiology.	
With	such	developments,	we	would	gain	a	further	understanding	of	
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